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ABSTRACT
Supermassive black hole feedback is thought to be responsible for the lack of star for-
mation, or quiescence, in a significant fraction of galaxies. We explore how observable
correlations between the specific star formation rate (sSFR), stellar mass (Mstar), and
black hole mass (MBH) are sensitive to the physics of black hole feedback in a galaxy
formation model. We use the IllustrisTNG simulation suite, specifically the TNG100
simulation and ten model variations that alter the parameters of the black hole model.
Focusing on central galaxies at z = 0 with Mstar > 10
10 M, we find that the sSFR of
galaxies in IllustrisTNG decreases once the energy from black hole kinetic winds at low
accretion rates becomes larger than the gravitational binding energy of gas within the
galaxy stellar radius. This occurs at a particular MBH threshold above which galaxies
are found to sharply transition from being mostly star-forming to mostly quiescent.
As a result of this behavior, the fraction of quiescent galaxies as a function of Mstar is
sensitive to both the normalization of the MBH-Mstar relation and the MBH threshold
for quiescence in IllustrisTNG. Finally, we compare these model results to observations
of 91 central galaxies with dynamical MBH measurements with the caveat that this
sample is not representative of the whole galaxy population. While IllustrisTNG re-
produces the observed trend that quiescent galaxies host more massive black holes, the
observations exhibit a broader scatter in MBH at a given Mstar and show a smoother
decline in sSFR with MBH.
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1 INTRODUCTION
In the last 10 billion years, the amount of new star formation
in the Universe has decreased substantially. Observational
surveys of galaxy populations at different epochs have also
shown a gradual increase in the number of galaxies whose
light is dominated by older stellar populations signaling a
lack of new stars in these systems (e.g., Bell et al. 2004;
? E-mail: bterraza@umich.edu
Baldry et al. 2004; Williams et al. 2009; Muzzin et al. 2013;
Ilbert et al. 2013; Tomczak et al. 2014). Studies of quies-
cence, i.e. the state of reduced star formation activity, in
galaxies have aimed at pinpointing a physical mechanism re-
sponsible for this behavior. Many of these studies, including
this work, focus on central galaxies situated at the centres of
their dark matter haloes, since satellites undergo additional
environmental processes that may affect their star formation
activity. Yet, clear identification of the mechanisms behind
quiescence in these central galaxies has proved elusive, as
c© 2019 The Authors
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galaxy evolution is complex and many physical processes
act in concert to shape the properties of galaxies.
One observational approach to understanding quies-
cence in central galaxies focuses on measuring correlations
between galaxy properties and quiescence. For example,
galaxies with high stellar masses (e.g., Kauffmann et al.
2003), bulge-dominated morphologies (e.g., Bell et al. 2012;
Bluck et al. 2014), high halo masses (e.g., Wang et al. 2018),
high Se´rsic indices (e.g., Cheung et al. 2012), high central
stellar surface densities (e.g., Woo et al. 2015), and more
massive black holes (e.g., Terrazas et al. 2016, 2017; Mart´ın-
Navarro et al. 2018) have a higher likelihood of being quies-
cent. Several mechanisms attempting to explain these corre-
lations have been proposed, such as supernovae/stellar winds
(e.g., Tang & Wang 2005; Conroy et al. 2015), gravitational
heating (e.g., Johansson et al. 2009), morphological quench-
ing (e.g., Martig et al. 2009), halo mass quenching (e.g.,
Dekel & Birnboim 2006; Cattaneo et al. 2006; Birnboim et al.
2007), and central black hole feedback (e.g., Kauffmann &
Haehnelt 2000; Di Matteo et al. 2005; Croton et al. 2006;
Bower et al. 2006; Somerville et al. 2008; Fabian 2012).
In a cosmological context, gas that falls into a dark mat-
ter halo is able to lose energy and cool via dissipative pro-
cesses to form a disc of cold gas at the bottom of the halo’s
potential well (e.g. Silk 1977; White & Rees 1978; Fall & Efs-
tathiou 1980; Katz & Gunn 1991). The gas that accumulates
in the disc fragments, cools, and condenses into molecular
clouds which eventually collapse into new stars.
One natural feedback channel that limits star formation
is stellar feedback from star formation itself. Radiation from
stars, stellar winds, and supernovae regulate the production
of new stars by limiting the amount of cold dense gas (e.g.,
Silk 2003; Springel & Hernquist 2003; Hopkins et al. 2011).
This form of feedback, however, is insufficient for produc-
ing quiescence in massive galaxies. Recent models show that
the gas expelled from galaxies by stellar feedback is reincor-
porated to provide fuel for continued star formation (e.g.,
Dubois et al. 2016; Pontzen et al. 2017; Su et al. 2018; Choi
et al. 2018), a behavior that is more efficient for more mas-
sive systems (Oppenheimer et al. 2010; Bower et al. 2012;
Christensen et al. 2016; Muratov et al. 2015). Thus, a pic-
ture emerges of galaxies undergoing a cycle of ejection and
reincorporation that regulates cooling and star formation
via stellar feedback similar to various ‘bathtub’ models that
have been proposed (Bouche´ et al. 2010; Dutton et al. 2010;
Dave´ et al. 2012; Peng & Maiolino 2014; Dekel & Mandelker
2014; Birrer et al. 2014).
In this physically-motivated framework, quiescence can
be defined as the consequence resulting from the disruption
of this cycle. This disruption can take the form of ‘ejective’
and/or ‘preventative’ feedback (see Section 3.3 of Somerville
& Dave´ 2015 for a full review). Ejective feedback pushes
gas out of galaxies which may otherwise continue forming
stars. Preventative feedback prevents galaxies from accu-
mulating star-forming gas from the cooling of the circum-
galactic medium. While both processes likely play a role
in suppressing star formation, any proposed mechanism for
long-term quiescence must be at least partly preventative in
nature since the accretion of new gas would re-establish star
formation in the galaxy.
A popular mechanism for producing quiescence in re-
cent physics-based galaxy formation models is black hole
feedback (Bower et al. 2006; Croton et al. 2006; Sijacki
et al. 2007; Somerville et al. 2008; Guo et al. 2010; Booth &
Schaye 2011; Vogelsberger et al. 2014a; Henriques et al. 2015;
Somerville & Dave´ 2015; Schaye et al. 2015; Dubois et al.
2016; McCarthy et al. 2017; Bower et al. 2017; Weinberger
et al. 2018). Theoretically, accretion onto a black hole has
the potential to release an enormous amount of energy into
the surrounding medium. Observationally, activity from cen-
tral supermassive black holes has been seen in many forms.
When black holes undergo episodes of high accretion
rate feedback, the radiation pressure created by the lumi-
nous accretion disc is thought to result in large-scale out-
flows. Many X-ray luminous active galactic nuclei (AGN) are
observed to host ionized gas outflows in support of this idea
(Heckman et al. 1981; Crenshaw et al. 2010; Villar-Mart´ın
et al. 2011; Cicone et al. 2014; Woo et al. 2016; Rupke et al.
2017). At lower accretion rates, black holes are thought to
produce jets from their accretion discs which propel low-
density buoyant bubbles into the atmospheres of galaxies.
Indeed, large extended radio-emitting lobes that create cav-
ities within the surrounding hot gas visible in X-ray maps
have been observed around massive galaxies in various en-
vironments from small groups to large clusters (e.g., Bˆırzan
et al. 2004; McNamara & Nulsen 2007; Fabian 2012; Shin
et al. 2016; Werner et al. 2019). Some galaxies have been
observed to exhibit signs of both a bright X-ray point source
in conjunction with extended radio emission, further compli-
cating the issue of the accretion physics that could produce
these varied effects on the gas within and around galaxies
(Komossa et al. 2006; Yuan et al. 2008; Berton et al. 2015;
Coziol et al. 2017). More recently, some galaxies with low lu-
minosity AGN have been observed to produce bisymmetric
winds of ionized gas which are thought to affect star forma-
tion in the galaxy (Cheung et al. 2016; Penny et al. 2018).
Finally, our own Milky Way galaxy also hosts evidence of a
possible relic from black hole feedback in the form of Fermi
bubbles (Su et al. 2010; Guo & Mathews 2012).
The black hole accretion physics occurring at parsec-
scales and producing these observed forms of black hole ac-
tivity is not well understood. As a result, there is substantial
freedom in the subgrid physics used between different cos-
mological simulations to model the effects black holes may
have on the surrounding gas. This can result in important
differences in the star formation histories, gas content, and
stellar mass distributions of simulated galaxy populations
which can then be compared to observational data (e.g.,
Terrazas et al. 2016, 2017; Bluck et al. 2016, 2019). As such,
understanding the details of how small-scale subgrid physics
affects large-scale galaxy population statistics in models can
improve our understanding of the feedback mechanisms that
may produce quiescence in the real Universe.
With these considerations in mind, the central chal-
lenge this work seeks to address is understanding how ob-
served galaxy correlations between specific star formation
rate (sSFR), stellar mass (Mstar), and black hole mass (MBH)
at z = 0 can be interpreted in light of the results from a phys-
ical model of black hole feedback. In this work, we use the
IllustrisTNG simulation suite (TNG; Springel et al. 2018;
Marinacci et al. 2018; Naiman et al. 2018; Pillepich et al.
2018b; Nelson et al. 2018a) in order to explore this ques-
tion, focusing on central galaxies with Mstar > 10
10 M.
TNG uses black hole feedback in order to suppress the SFRs
MNRAS 000, 1–19 (2019)
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and Mstar content of galaxies with Mstar & 1010 M (Wein-
berger et al. 2017, 2018). Thus, as we will show, the sSFR,
Mstar, and MBH of galaxies are causally related to one an-
other through the model’s mechanism for quiescence.
One important feature of TNG for our purposes is the
availability of dozens of TNG model variations, first intro-
duced in Pillepich et al. (2018a). We use these model vari-
ations to study the impact of different parameter choices,
as is similarly done in Weinberger et al. (2017). By using
the model variations explicitly related to black hole feed-
back, we can explore how changes to the model can affect
TNG’s galaxy population statistics. We aim to link these
differences in observable correlations to the effects of black
hole feedback on the physical properties of the gas within
the galaxy and in the surrounding circumgalactic medium.
Thus, our work will show how these observed correlations
may be physically interpreted in the real Universe.
We organize our results as follows: Section 2 describes
the TNG simulation suite, the model variations, the black
hole physics model, and our definitions of galaxy properties
in the model. Section 3 describes the necessary conditions
for quiescence in TNG using three of the model variations.
Section 4 describes the effects of black hole feedback on gas
and outlines a phenomenological framework for the physics
of quiescence in TNG. Section 5 compares the model results
to observational correlations, illuminating how the sSFR,
Mstar, and MBH can encode information on the physics be-
hind quiescence within the context of black hole feedback.
Section 6 uses model variations to illuminate how observ-
ables may be affected by changes in the way black hole feed-
back operates. In Section 7 we reflect on our results and
present future outlooks. Section 8 summarizes our findings
and contains our concluding remarks.
2 THE ILLUSTRIS TNG SIMULATION SUITE
The IllustrisTNG project is a large-scale cosmological and
gravo-magneto-hydrodynamical simulation suite of galaxy
formation in a ΛCDM Universe (Springel et al. 2018; Mari-
nacci et al. 2018; Naiman et al. 2018; Pillepich et al. 2018b;
Nelson et al. 2018a). TNG is the descendant of the original
Illustris project (Vogelsberger et al. 2014a,b; Genel et al.
2014; Sijacki et al. 2015), modifying and adding numerous
features with the goal to improve the agreement between the
simulation and observational results by providing a compre-
hensive physical model of galaxy formation from the early
Universe to the present day. The simulation uses the Arepo
code to solve the equations of ideal magnetohydrodynamics
and self-gravity on a moving, unstructured mesh (Springel
2010; Pakmor et al. 2011, 2016). For more information on
the numerical aspects of the TNG model, we refer the reader
to Pillepich et al. (2018a) and Weinberger et al. (2017).
The simulation suite contains three simulation volumes
TNG50, TNG100, and TNG300 sized at 51.73, 110.73, and
302.63 comoving Mpc3 volumes, respectively. In this work,
we will be focusing on results from TNG100 as it has roughly
the same resolution (within a factor of 2) as the model
variations which we will use extensively in this paper and
which are detailed in Section 2.2. This will allow a compar-
ison without the complications of resolution effects present
in TNG300 (see Appendix B). TNG100 has 2 × 18203 ini-
tial resolution elements with a baryonic mass resolution of
1.4× 106 M and gravitational softening length of 0.74 kpc
at z = 0. The cosmological parameters of the model are
based on Planck Collaboration et al. (2016) with a mat-
ter density ΩM,0 = 0.3089, baryon density Ωb,0 = 0.0486,
dark energy density ΩΛ,0 = 0.6911, Hubble constant H0
= 67.74 km/s/Mpc, power spectrum normalization factor
σ8 = 0.8159, and spectral index ns = 0.9667.
TNG models the physics of primordial and metal-line
gas cooling, magnetic fields, star formation, stellar evolution
and feedback, chemical enrichment, and black hole growth
and feedback. There are several key differences between the
original Illustris model and TNG which are described in
Pillepich et al. (2018a). For our purposes, the most rele-
vant modification is how black hole feedback operates at
low accretion rates. Instead of the thermal bubble model im-
plemented by the original Illustris model and described in
Sijacki et al. (2007, 2015), TNG adopts a kinetic wind model
that inputs kinetic energy originating at the black hole into
nearby gas particles (Weinberger et al. 2017). The primary
motivation for changing the physical prescription for black
hole feedback was to prevent the ejection of large amounts
of gas from the haloes of intermediate to high mass galaxies.
The amount of halo gas around many of these galaxies in
Illustris is much lower than observations suggest (see Figure
10 in Genel et al. 2014), yet the mass and state of the in-
terstellar medium gas is such that a clear colour bimodality
as compared to SDSS data is not present (see Figure 14 in
Vogelsberger et al. 2014a). This led to the implementation
of a modified form of feedback.
2.1 The formation, growth, and feedback of black
holes in TNG
Here we provide a brief description of the black hole model
in TNG. For full details, see Weinberger et al. (2017).
Black holes are placed at the centre of a halo’s potential
well with a seed mass of Mseed = 1.18 × 106 M once a
halo grows past a threshold mass of Mh = 7.38× 1010 M.
Once seeded, black holes grow either through accretion at
the Eddington-limited Bondi accretion rate or by merging
with other black holes during a galaxy merger. Additionally,
black holes are made to stay at the potential minimum of
their host subhaloes at each global integration time step in
order to avoid numerical effects that may displace them.
TNG employs a MBH-dependent Eddington ratio
threshold for determining whether a black hole provides ei-
ther pure thermal or pure kinetic mode feedback energy to
the galaxy. Kinetic mode feedback in TNG is turned on when
a galaxy’s black hole accretion rate drops below an Edding-
ton ratio of
χ = min
[
χ0
(MBH
Mpiv
)β
, χmax
]
, (1)
where MBH is the black hole mass and the parameters for the
fiducial model are χ0 = 0.002, Mpiv = 10
8 M, β = 2, and
χmax = 0.1 (refer to Equation 5 and Figure 6 of Weinberger
et al. (2017)).
Apart from χmax, which is chosen to be the canonical,
observationally-suggested value of 0.1 for the Eddington ra-
tio of black holes in quasars (Yu & Tremaine 2002), none of
the other parameter values were adopted based on empirical
MNRAS 000, 1–19 (2019)
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Table 1. The list of model variations we use for this work. Columns: (1) model number, (2) model name, (3) parameter changed, (4)
fiducial model value, (5) changed value, (6) short description of the alteration. See Section 2.1 for more information on each of the model
parameters in column (3).
Model Name (2) Parameter Fiducial Changed Description (6)
No. (1) changed (3) value (4) value (5)
0000 FiducialModel n/a n/a n/a Same physics as the larger TNG volumes
2201 NoBHs n/a n/a n/a Black holes turned off
3000 NoBHwinds χ0 0.002 0 Thermal mode at all M˙BH
3101 LowKinEff εf,kin,max 0.2 0.05 Lower gas coupling efficiency for BH kinetic feedback
3102 HighKinEff εf,kin,max 0.2 0.8 Higher gas coupling efficiency for BH kinetic feedback
3103 HighThermEff εf,high 0.1 0.4 Higher gas coupling efficiency for BH thermal feedback
3104 LowThermEff εf,high 0.1 0.05 Lower gas coupling efficiency for BH thermal feedback
3301 HighChi0 χ0 0.002 0.008 Higher Eddington ratio threshold normalization
3302 LowChi0 χ0 0.002 0.0005 Lower Eddington ratio threshold normalization
3403 HighMpiv Mpiv 1e8 M 4e8 M Higher pivot mass in Eddington ratio threshold
3404 LowMpiv Mpiv 1e8 M 2.5e7 M Lower pivot mass in Eddington ratio threshold
evidence or other theoretical models of black hole physics
and accretion. The parameters have been chosen to ensure
that the TNG model returns the observed stellar mass con-
tent of massive haloes and the observed location of the knee
in the stellar mass function at the current epoch.
Thermal mode feedback energy is parameterized as
E˙thermal = εf,highεrM˙BHc
2, where εf,high is the fraction of
thermal energy that couples to the surrounding gas (set
to 0.1 for the fiducial model) and εr is the black hole ra-
diative efficiency (set to 0.2 for the fiducial model). Ki-
netic mode feedback energy is parameterized as E˙kinetic =
εf,kineticM˙BHc
2, where εf,kinetic is the fraction of kinetic en-
ergy that couples to the surrounding gas (set to a maximum
value of εf,kin,max = 0.2 for the fiducial model, see Equation
9 of Weinberger et al. 2017 for a full description). Once the
black hole accumulates enough energy in this mode to reach
a minimum energy threshold, Einj,min, the gas immediately
surrounding the black hole receives a momentum kick in a
random direction away from the black hole.
2.2 Model Variations
Along with TNG100, there are dozens of smaller simulations
sized at 36.93 comoving Mpc3 volumes that vary individual
parameters of the model (Pillepich et al. 2018a). These simu-
lations have 2×5123 initial resolution elements with roughly
the same baryonic mass resolution (2.4×106 M) and grav-
itational softening length (0.74 kpc at z = 0) as TNG100.
Each of these simulations have identical cosmological ini-
tial conditions resulting in similar dark matter structures
and galaxy placement throughout the volume. This allows a
galaxy-by-galaxy comparison of the model variations, pro-
viding us with a powerful tool to explore the effects of each
component of the model relevant for quiescence.
In Table 1 we describe the model variations that we use
in this work. The first row describes a model with the same
physics as TNG100 but with the same initial conditions,
resolution, and volume as all other model variations. We will
refer to this run as the FiducialModel simulation. Each of the
other model variations alter the black hole feedback model
described in Section 2.1. These variations will affect how
galaxies populate the MBH-Mstar-sSFR parameter space, as
we will show in later sections. The details of each altered
parameter in the third column are given in Section 2.1, with
a brief description of the change in the sixth column. We
will refer to each simulation according to their names in the
second column of Table 1.
2.3 Definitions of physical properties in TNG
We calculate the Mstar and SFR within the galaxy radius,
defined as twice the stellar half mass radius. SFRs are calcu-
lated by averaging the star formation activity in the last 200
Myr in order to reasonably compare our results to observa-
tional SFR indicators. Our results remain qualitatively the
same whether we use instantaneous SFRs or those averaged
over 50, 100, or 200 Myr.
We define star-forming and quiescent galaxies to be
those with sSFRs above or below 10−11 yr−1, respectively.
This provides a consistent separation between galaxies on
and off the star forming main sequence for both observa-
tions and simulations at z = 0.
TNG100 and the model variations are sensitive to 200
Myr-averaged SFRs above ∼ 10−2.5 M yr−1, below which
star formation is unresolved (see Figure 2 in Donnari et al.
2019). This value is related to the mass resolution limit of a
single stellar particle in TNG100 and the model variations.
Since we focus on galaxies with Mstar > 10
10 M, any values
for sSFR < 10−12.5 yr−1 will be taken as an upper limit.
This ensures that all sSFRs above this limit are resolved.
Upper limits will be shown as a value chosen from a gaussian
distribution centred at sSFR = 10−12.5 yr−1 in order to
visualize what would be observed as non-detections.
Black hole parameters are taken for the most massive
black hole at the centre of the galaxy. Halo properties such
as gas cooling rates (Chalo), gas masses (Mgas,halo), and dark
matter halo masses (MDM,halo) are the sum values for each
cell within the radius at which the density within is 200 times
the critical density of the Universe, R200c. Halo gas cooling
times (tcool) are the average of gas cells within R200c.
Additionally, our analysis will use a measure of the grav-
itational binding energy of gas within the galaxy, which we
define as
Ebind,gal(< rgal) =
1
2
∑
g(<rgal)
mgφg, (2)
MNRAS 000, 1–19 (2019)
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where rgal is twice the stellar half mass radius, g indexes gas
cells in the simulation, mg is the mass of the gas cell, and
φg is the gravitational potential felt at the gas cell’s position
within the galaxy. This value represents the energy needed to
unbind those gas cells from the galaxy’s position to infinity,
taking into account not only the mass within the galaxy but
also the mass within the halo. We choose to calculate the
binding energy of gas within this radius in order to match
the radius within which the SFR and Mstar are calculated.
3 THE NECESSARY CONDITIONS FOR
QUIESCENCE
We begin by exploring the necessary conditions under which
quiescence can occur for central galaxies with Mstar > 10
10
M in the context of the TNG model. In Figure 1, we show
histograms of the number of galaxies as a function of sSFR
for three model variations at z = 0. Due to their smaller box
size, there are very few galaxies with MDM,halo > 10
13 M.
We also plot galaxies from TNG100 (renormalized to match
the box size of the FiducialModel run) in gray to show the
results from a larger sample size with more massive haloes.
In light green, we show the TNG model variation with
no black holes, where the only feedback channel is stellar
feedback. This simulation results in a distribution of galaxies
centred at sSFR ∼ 10−10 yr−1, denoting the existence of the
star forming main sequence.
In dark green, we show the model variation with black
holes included where thermal mode black hole feedback op-
erates for all accretion rates (the NoBHwinds model in Ta-
ble 1). In TNG, a black hole accreting in the thermal mode
injects pure thermal energy into the surrounding gas parti-
cles. Weinberger et al. (2018) show that the total amount of
thermal energy released in this mode can be large yet has
little effect on cooling and the galaxy’s SFR. Thermally in-
jected energy, as implemented for black hole thermal mode
feedback in TNG, is more likely to be immediately radiated
away rather than have any lasting impact on the thermody-
namic properties of the gas, especially for dense gas where
the cooling times are short (Navarro & White 1993; Katz
et al. 1996). This is likely due, at least in part, to a nu-
merical effect resulting from the limited resolution of the
simulation and leading to the ‘over-cooling’ problem (e.g.,
Springel & Hernquist 2002). The pileup of galaxies at sSFR
∼ 10−10 yr−1 illustrates the inability of thermal energy in-
jection, at least in the continuous fashion with which it is
implemented within the TNG model, to prevent gas cooling
and star formation in TNG galaxies.
The black histogram shows galaxies in the Fidu-
cialModel simulation, where kinetic mode black hole feed-
back is turned on at low accretion rates. This black his-
togram along with the TNG100 results in gray show a sig-
nificant population of quiescent galaxies at low sSFRs, most
of which have upper limit values placed at sSFR ∼ 10−12.5
yr−1. These results show that the existence of a quiescent
population in TNG depends on the model’s implementation
of low accretion rate kinetic mode feedback from the cen-
tral black hole. Similar conclusions have been made in pre-
vious studies of TNG both in terms of colour (Weinberger
et al. 2017; Nelson et al. 2018a) and sSFR (Weinberger et al.
2018).
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Figure 1. Histograms of sSFR for central galaxies with Mstar >
1010 M at z = 0 for the model variations with no black holes
(light green), thermal mode at all accretion rates (dark green),
and both thermal and kinetic modes included as in the fiducial
model (black). The number of galaxies shown in each of these
histograms is roughly the same. Due to the smaller box size, there
are very few galaxies with MDM,halo > 10
13 M. TNG100 scaled
to the volume of the smaller box simulations is shown in gray.
The star forming main sequence is present in all simulations but
a quiescent population only appears in the models with kinetic
mode black hole feedback.
4 THE PHYSICS OF QUIESCENCE FROM
BLACK HOLE-DRIVEN KINETIC WINDS
In this section we describe how black hole-driven kinetic
winds employed by TNG affect the gas within and around
galaxies in order to produce quiescence.
4.1 Comparing TNG with semi-analytic
approaches to quiescence
Semi-analytic models of galaxy formation often use prescrip-
tions of gas cooling and heating rates in order to determine
the net rate of cold gas accreted onto a galaxy (e.g., De Lucia
& Blaizot 2007; Somerville et al. 2008; Guo et al. 2010; Hen-
riques et al. 2015). In these models, once the heating rate
from black hole feedback equals or exceeds the halo gas cool-
ing rate, cold gas accretion onto the galaxy halts and star
formation subsequently shuts off. This describes a method
to model preventative black hole feedback, where fuel for
star formation is prevented from reaching the galaxy.
In order to test whether a similar physical scenario oc-
curs for TNG galaxies, we show the sSFR as a function of
the ratio between the instantaneous energy released from
black hole-driven kinetic feedback, E˙kinetic (see Section 2.1),
and the instantaneous cooling rate of the gas halo, Chalo1, at
1 Due to the lack of numerical resolution, star forming cells are
described by an effective equation of state model once a density
MNRAS 000, 1–19 (2019)
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Figure 2. sSFR as a function of the ratio between the instan-
taneous black hole wind energy injection rate, E˙kinetic, and the
instantaneous halo gas cooling rate, Chalo. The vertical dotted
line shows where these two energy rates equal. The grayscale
heatmap shows the distribution of galaxies in TNG100 and the
black points show galaxies in the FiducialModel simulation at
z = 0. The histogram shows the distribution of sSFR for galaxies
with no black hole wind energy injection, E˙kinetic = 0, for the
TNG100 (gray, scaled to the volume of the FiducialModel run)
and FiducialModel (black) simulations. While kinetic winds are
required for quiescence, comparing the kinetic energy injection
rate to the halo gas cooling rate is a poor indicator of a galaxy’s
star formation properties.
z = 0. The distribution of TNG100 galaxies is shown as a
grayscale heatmap and FiducialModel galaxies are shown as
black points. The vertical dotted line indicates where the two
rates are equal. Since many galaxies are not in the kinetic
mode (with E˙kinetic = 0) and therefore cannot be repre-
sented on this plot, we show the distribution of their sSFRs
as a histogram to the left of the main plot for both the
TNG100 (gray, scaled to the volume of the FiducialModel
run) and FiducialModel (black) simulations.
We find that all galaxies that are not currently experi-
encing kinetic mode black hole feedback (with E˙kinetic = 0)
are actively forming stars (left panel histogram in Figure 2).
The main panel of this figure shows that galaxies must be
experiencing kinetic mode black hole feedback in order to
be quiescent, in agreement with our results from Section 3.
However, a significant number of galaxies releasing
black hole-driven kinetic winds are star-forming. In fact,
whether these galaxies are star-forming or quiescent does
not correlate tightly with whether the black hole wind en-
ergy greatly exceeds or falls below the cooling rate of the
threshold is reached (Springel & Hernquist 2003). As such, cooling
rates for these cells are excluded in the calculation of the halo
cooling rate. Star forming cells account for a negligible amount of
mass in the gas halo.
gas halo. As such, the TNG simulation cannot be easily de-
scribed using the logic employed by semi-analytic models.
We note that the comparison between these ‘heating’ and
‘cooling’ rates in TNG differ in detail to those analytically
determined in semi-analytic approaches. This is due to the
fact that these rates in TNG are sensitive to internal gas
hydrodynamics whereas in semi-analytic models these rates
are calculated using global galaxy and halo properties. Even
so, this analysis indicates differences between how black hole
feedback energy is transferred to the surrounding gas to pro-
duce quiescence in TNG and how it is transferred in purely
preventative semi-analytic black hole feedback models.
4.2 Gas distributions in TNG galaxies
A useful approach for understanding the effects of black hole
feedback on the gas within and around galaxies in TNG is
to visualize and quantify the distribution of this gas. We
do this using the model variations described in Section 2.2.
Figure 3 shows the gas column densities of three quiescent
galaxies of increasing mass at z = 0 in the FiducialModel
simulation (left images) and their direct counterparts in the
NoBHwinds simulation (right images). Their radial density
profiles are shown in the rightmost panels. We match these
galaxies between the two model variations by the position
of its dark matter halo and by ensuring that at least half
of the dark matter particles have the same IDs. Each panel
is at the same spatial scale of 300×300 kpc. The circle at
the centre of each figure depicts twice the stellar half mass
radius of the galaxy from its centre in order to show where
a galaxy’s visible matter would lie in the image.
We find that there is much less dense gas in the cen-
tral regions of the galaxies undergoing kinetic feedback. The
discs of these galaxies are extended and disturbed, showing
that black hole kinetic winds produce outflows that push gas
out of galaxies, in agreement with recent TNG50 results de-
scribed in Nelson et al. (2019). Additionally, the density of
the gas extending past the disc and into the gas halo is also
depleted. We find that the same galaxies in the NoBHwinds
simulation are star-forming, have retained dense gas within
the galaxy’s radius, and have centrally peaked radial density
profiles (dotted lines in the right hand panels).
4.3 Overcoming gravitational binding energies
The results from Figure 3 strongly suggest that black hole-
driven kinetic winds drive gas out of the galaxy, producing
a form of ejective feedback. Therefore, we choose to test
whether the gravitational binding energy of the gas within
the galaxy (defined in Section 2.3) can be a useful parameter
for characterizing quiescence in the TNG model.
We compare this value to the time-integrated amount
of black hole-driven wind energy that has been released
into the gas particles near the black hole at each time-step,∫
E˙kineticdt
2. Nelson et al. (2018a) and Weinberger et al.
(2018) have demonstrated that quiescent galaxies have re-
leased more of this cumulative black hole wind energy rela-
tive to star-forming galaxies.
2 This value is tracked for each black hole in the simulation and
given as an output at each snapshot.
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Figure 3. Left panels: The leftmost galaxy images show the projected (across 300 kpc) gas column density distributions of three quiescent
galaxies in the FiducialModel simulation at z = 0 ordered by increasing mass from top to bottom. The images to the right show galaxies
identified to be the centrals of the same haloes as those on the left but in the NoBHwinds simulation. The values on the lower right
indicate the sSFR of each galaxy. Each image is 300×300 kpc in size in order to directly compare the distribution of gas. The red circles
indicate the galaxy radius, defined as twice the stellar half mass radius. Right panels: The radial gas density distributions of the galaxies
in the FiducialModel (solid lines) and NoBHwinds (dotted lines) simulations. The vertical red lines indicate the galaxy radius. The
density of gas in the central regions of galaxies experiencing kinetic winds is depleted by orders of magnitude.
The top panel of Figure 4 shows the sSFR as a func-
tion of the ratio between the cumulative black hole wind
energy,
∫
E˙kineticdt, and the gravitational binding energy
of gas within the galaxy, Ebind,gal, in the TNG100 (gray
heatmap) and FiducialModel (black points) simulations at
z = 0. We find that star-forming galaxies lie to the left of
the vertical dotted line, showing that they exhibit cumu-
lative black hole wind energies that fall below the binding
energy of the gas. Galaxies with intermediate sSFRs between
sSFR ∼ 10−11 − 10−12 yr−1 exhibit cumulative black hole
wind energies that exceed the binding energy of the gas (to
the right of the vertical dotted line) by up to a factor of 100.
Above an energy ratio of 100, galaxies host very low sSFRs
shown as upper limits at ∼ 10−12.5 yr−1.
It is important to note that the binding energy of the
gas decreases as gas leaves the system since the total mass of
the system decreases and there is less gas to push out. The
high ratios of cumulative black hole wind energy to gravi-
tational binding energy exceeding a factor of 1000 tend to
have very low gas masses and therefore low binding ener-
gies. While this is true, we verify that sSFR correlates only
slightly with the binding energy of gas within the galaxy,
and that the cumulative black hole wind energy drives most
of the correlation seen in the top panel of Figure 4. The fact
that sSFR begins to drop when these two energies equal in-
dicates that gas is being gravitationally unbound from the
central galaxy and pushed into the circumgalactic medium
by black hole-driven kinetic winds.
The bottom panel of Figure 4 shows that galaxies with
cumulative black hole wind energies lower than the bind-
ing energy of the gas have MBH . 108.2 M, whereas those
with higher ratios have MBH & 108.2 M. This indicates
that black hole winds are effective at removing gas and pro-
ducing quiescence for a majority of galaxies once the black
hole exceeds the threshold mass at ∼ 108.2 M (shown as a
horizontal dotted line).
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Figure 4. sSFR (top) and MBH (bottom) as a function of the
ratio between the cumulative kinetic energy released from black
hole feedback,
∫
E˙kineticdt, and the binding energy of the gas
within twice the stellar half mass radius, Ebind,gal. The vertical
dotted line shows where these two energies equal. The grayscale
heatmap shows the distribution of galaxies in TNG100 and the
black points show galaxies in the FiducialModel simulation at
z = 0. The sSFR decreases once the cumulative energy from black
hole-driven winds exceeds the binding energy of gas in the galaxy.
This drop in sSFR occurs when MBH exceeds 10
8.2 M shown as
a horizontal dotted line in the bottom panel.
We also note that the most massive black holes (MBH &
109 M) tend to have lower ratios of black hole wind energy
to binding energy, whereas less massive black holes (with
MBH still & 108.2 M) can have much higher ratios. This
is likely due to the fact that more massive black holes live
in more massive galaxies and haloes where the gravitational
potential is much deeper. As such, many of the galaxies with
intermediate sSFRs (between ∼ 10−11 − 10−12 yr−1) are
hosted by some of the most massive haloes, whereas those
with very low sSFRs (shown as upper limits at ∼ 10−12.5)
are those in lower mass haloes (with MBH still & 108.2 M).
We expand on this result in the following section.
4.4 The effects of black hole-driven kinetic
feedback on the interstellar and
circumgalactic media
The bottom panel of Figure 4 indicates that there exists a
MBH threshold for quiescence (also see Figure 5 in Wein-
berger et al. 2018). In this section, we explicitly explore the
gas properties of galaxies in TNG as a function of MBH. Fig-
ure 5 shows the average gas density within the galaxy (top
panel), the average cooling time of the entire gas halo3 (mid-
dle panel), and the ratio of total halo gas mass to dark mat-
ter halo mass (bottom panel) as a function of MBH for galax-
ies in the NoBHwinds (green crosses) and FiducialModel
(black points) simulations at z = 0. The distribution of
galaxies in TNG100 is shown as a grayscale heatmap.
Without kinetic winds (green crosses), the average gas
density within twice the stellar half mass radius is similar
across galaxies with different MBH (top panel). We verify
that this is because galaxy gas masses correlate closely with
their radii when they are star-forming. The average cooling
time of these galaxies’ gas haloes is a fairly flat function of
MBH at low masses and gradually rises for more massive
black holes that live in more massive haloes where cooling
becomes less efficient (middle panel). Additionally, the total
halo gas masses of these galaxies correlate with dark matter
halo mass, producing a scattered, flat relation as a function
of black hole mass (bottom panel).
Introducing kinetic winds significantly alters these gas
properties for galaxies above the MBH threshold for quies-
cence at ∼ 108.2 M, as is seen in all three panels of Figure 5
(black points and grayscale heatmap). Once feedback from
kinetic winds becomes effective, there is a sharp decrease in
the average gas density within galaxies, a sharp increase in
the average cooling time of halo gas, and a sharp decrease
in the fractions of halo gas mass to dark matter halo mass
compared to the NoBHwinds model.
In the bottom panel we also show the median values
from the original Illustris model with a dashed gray line.
This demonstrates that while TNG retains more gas in mas-
sive haloes on average, it still removes large quantities of
gas from within the halo’s radius once black hole winds are
produced at the MBH threshold for quiescence. The lowest
halo gas fractions (with Mgas,halo/MDM,halo ∼ 0) are seen
in galaxies with MBH near the threshold mass at ∼ 108.2
M. The gas fraction increases with MBH thereafter. This is
likely because MBH correlates closely with Mstar (as we will
show in Figure 7), and therefore MDM,halo, for TNG galax-
ies. The feedback from black holes in more massive galaxies
must overcome a larger potential well in order to expel gas
from the galaxy’s halo.
To illustrate this, Figure 6 shows the ratio between the
cumulative energy from black hole winds and the gravita-
tional binding energy of the halo gas as a function of MBH.
The binding energy of the halo gas is calculated by replac-
ing rgal with rhalo in Eqn. 2 (see Section 2.3). The horizontal
dotted line shows where the black hole kinetic wind energy
equals the halo gas binding energy. Galaxies hosting black
holes just over the MBH threshold for quiescence (vertical
3 We calculate this value excluding star-forming cells. Refer to
the footnote in Section 4.1.
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Figure 5. The average gas density within the galaxy radius (top
panel), the average cooling time of the halo gas (middle panel),
and the ratio of halo gas mass to dark matter halo mass (bottom
panel) as a function of MBH for galaxies in the TNG100 (grayscale
heatmap), FiducialModel (black), and NoBHwinds (green) sim-
ulations at z = 0. Including black hole winds in TNG abruptly
lowers the density of gas within the galaxy, increases the cooling
time of the halo gas, and reduces the amount of halo gas for galax-
ies with MBH & 108.2 M. The most massive black holes live in
the most massive haloes, where affecting gas kinetically is more
difficult due to the halo’s deep potential well. As a result, the
galaxies whose SFRs are most affected by kinetic mode feedback
are the least massive galaxies that have MBH & 108.2 M.
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Figure 6. The ratio between the cumulative energy from black
hole winds,
∫
E˙kineticdt, and the binding energy of gas within
the halo radius, Ebind,halo as a function of MBH for the TNG100
(grayscale heatmap) and FiducialModel (black points) simula-
tions at z = 0. The horizontal dotted line indicates where the
black hole wind energy equals the halo gas binding energy and
the vertical dotted line indicates the MBH threshold for quies-
cence (see Section 4.3). The black hole wind energy exceeds the
halo gas binding energy by the largest amount just above the
MBH threshold for quiescence.
dotted line) have the highest ratios of black hole wind en-
ergy to halo gas binding energy. This coincides with the low-
est gas mass fractions in the lower panel of Figure 5. This
indicates that a significant fraction of gas is evacuated from
many of the haloes once black hole wind energies exceed not
only the binding energy of the gas in the galaxy (Figure 4)
but also of the gas in the halo.
Progressively higher mass black holes live in more mas-
sive haloes with deeper gravitational potentials. In Figure 6
as well as in the lower panel of Figure 4, the ratio between
the energy from black hole winds and the binding energy
of gas in both the galaxy and the halo decreases for more
massive black holes. The decrease in this ratio with black
hole mass coincides with an increase in the halo gas fraction
in the lower panel of Figure 5. This behavior indicates that
black hole winds are less effective at removing gas at higher
mass regimes.
5 COMPARISONS TO OBSERVATIONS
In this section we evaluate the extent to which the kinetic
wind model in TNG can produce results which agree with
currently available observational correlations related to qui-
escence. Here we use the observational diagnostics and data
from Terrazas et al. (2016, 2017) in order to examine and
compare the relationship between Mstar, MBH, and sSFR in
TNG. We aim to link the phenomenological description of
quiescence we put forth for this model in Section 3 and 4 to
these observable properties of simulated galaxies since these
properties are causally tied to one another in this model as
a result of the black hole feedback prescriptions.
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Figure 7. Top panels: The MBH-Mstar (left), sSFR-MBH (centre), and sSFR-Mstar (right) parameter spaces for TNG100 galaxies in
blue and red heatmaps and the observational sample in gray and black circles, for star-forming and quiescent galaxies, respectively, at
z = 0. An uncertainty of 0.15 dex is added to sSFR and Mstar values for TNG100 galaxies. Observational uncertainties for MBH in
TNG100 are taken into account by convolving them with the errors from the T17 data. Bottom panels: sSFR as a function of MBH in
bins of Mstar for TNG100 galaxies and the T17 observational sample.
5.1 Observational sample
The 91 galaxies in Terrazas et al. (2016, 2017, hereafter
T17) represent a diverse collection of local galaxies (dis-
tances within ∼150 Mpc) with various morphologies, SFRs,
colours, and environments (isolated, group, or cluster) with
Mstar > 10
10 M. The sample represents central galaxies –
defined as the most massive galaxy within ∼1 Mpc – that
have a dynamical MBH measurement using stellar dynamics
(45 galaxies), gas dynamics (15), masers (12), or reverber-
ation mapping (18). Black hole mass measurements were
taken from Saglia et al. (2016) and van den Bosch (2016).
T17 measures the stellar masses using 2MASS Ks-band
luminosities (Huchra et al. 2012) with a single Mstar/LKs ra-
tio of 0.75 since mass-to-light ratios for LKs do not vary sub-
stantially (Bell & de Jong 2001). Their scatter in mass-to-
light ratios are ∼0.15 dex, thus they assume the same value
for their uncertainty. SFRs are measured following Kenni-
cutt & Evans (2012) where T17 use IRAS far-infrared flux
measurements to estimate a total infrared luminosity. This
SFR estimate is sensitive to star formation during the past
∼100 Myr. SFRs are assumed to have an uncertainty of 0.15
dex following Bell (2003). Any SFRs with no far-infrared de-
tection, fluxes below the detection limits of IRAS, or detec-
tions below sSFR < 10−12.5 yr−1 are taken as upper limits.
We define star-forming and quiescent galaxies to be those
with sSFRs above or below 10−11 yr−1, respectively, just as
we do with TNG galaxies.
We note that these data are not representative of the
entire galaxy population at z = 0 due to the requirement
that their MBH be large enough and their host galaxies close
enough to detect their gravitational sphere of influence. The
various detection methods used for this sample make it diffi-
cult to fully understand the biases associated with the sam-
ple. For example, black hole masses detected with reverbera-
tion mapping or masers are more likely to be in star-forming
galaxies where there is enough gas to produce the emission
required to use these measurement techniques. Black holes
measured with stellar dynamics, however, are likely in sys-
tems that are close enough to resolve the gravitational sphere
of influence and that have low enough gas masses in their
nuclear regions to allow starlight to dominate. These factors
make it difficult to compare these observations directly with
the simulation results, since the selection function and bias
for the observational sample with regards to its sSFR, Mstar,
and MBH distributions are not well understood.
One may decide to use a sample with proxies instead,
with the advantage that a complete, representative sample
may be obtained. However, proxies for MBH such as veloc-
ity dispersion, bulge mass, or Se´rsic index exhibit intrinsic
scatter that likely indicates differences in the physics that
set these properties (e.g., Gu¨ltekin et al. 2009; Beifiori et al.
2012; Shankar et al. 2016; Terrazas et al. 2016; Mart´ın-
Navarro et al. 2016, 2018). Using proxies for MBH would
also introduce unknown uncertainties that likely depend on
Mstar. While the number density of galaxies at a given sSFR,
Mstar, and MBH are uncertain for this sample, our primary
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concern for this study is accuracy. Using dynamical black
hole masses also ensures that the measurements for MBH
and Mstar are independent from one another. Finally, while
the sample may not be representative quantitatively, it con-
tains a large diversity of galaxy properties ranging 4 orders
of magnitude in sSFR, 2 orders of magnitude in Mstar, and
4 orders of magnitude in MBH. This results from the variety
of MBH measurement techniques that sample distinct parts
of the whole galaxy population. As such, we opt to use high-
quality MBH estimates instead of proxies in order to reliably
understand how galaxy properties correlate with MBH.
5.2 Results
Figure 7 shows the MBH-Mstar (top left), sSFR-MBH (top
centre), and sSFR-Mstar (top right) parameter spaces for the
TNG100 simulation at z = 0 (star-forming: blue heatmap,
quiescent: red heatmap), and the observational data from
T17 (star-forming: gray circles, quiescent: black circles). On
the lower right corner of each panel we indicate the 0.15 dex
uncertainties on the sSFR and Mstar of the observational
sample. We convolve the simulation quantities for sSFR and
Mstar with these uncertainties in order to more fairly com-
pare the observations with the simulation results. Similarly,
we convolve the simulation quantities for MBH with uncer-
tainties from the observed MBH sample. The bottom panels
show sSFR as a function of MBH in bins of Mstar, whose
value is denoted above each plot.
The top leftmost panel of Figure 7 shows that TNG pro-
duces a tight MBH-Mstar relation, even with added observa-
tional uncertainties that increase the scatter. While TNG is
in good agreement with the qualitative result that quiescent
galaxies host more massive black holes, quantitatively the
distributions of star-forming and quiescent galaxies differ
between TNG and the observations. Namely, the observa-
tional data show significant scatter in MBH as a function of
total Mstar. We note that the relation shown in the top left-
most panel of Figure 7 differs from canonical MBH-galaxy
scaling relation studies in that a total Mstar is preferred in
this work over a bulge-only Mstar.
The scatter in the observed MBH-Mstar relation corre-
lates well with the sSFR of these galaxies, where quiescent
galaxies host more massive black holes than star-forming
galaxies. TNG does not easily produce galaxies with the
MBH and Mstar demographics of star-forming galaxies in the
T17 sample. For example, the Milky Way (included in the
T17 sample) with Mstar ≈ 1010.7 M and MBH ≈ 106.7 M
is not represented in TNG100. Instead, TNG predicts that
the distribution of star-forming galaxies lies far to the left
of where they lie in the observational sample.
Additionally, the boundary between star-forming and
quiescent galaxies on the top leftmost plot showing the MBH-
Mstar relation for TNG is flat, representing a MBH threshold
for quiescence at ∼ 108.2 M, as was discussed in Section 4.
The slope of the boundary in the observational data is posi-
tive with a value of ∼ 1. T17 note that this slope represents
lines of constant MBH/Mstar and that the sSFR decreases
perpendicular to these lines moving towards more massive
black holes. As such, while quiescence does correlate with
MBH in the observational sample, a threshold for quiescence
does not exist at a particular MBH value as it does in TNG.
We show this more explicitly in the top middle panel of
Figure 7 where sSFR is shown as a function of MBH. There is
a sharp transition between star-forming and quiescent galax-
ies at the MBH threshold for quiescence at ∼ 108.2 M for
TNG galaxies. Galaxies having very low sSFRs shown as
upper limits at sSFR ' 10−12.5 yr−1, make up 73% of the
total quiescent galaxy population in TNG. This produces a
strong apparent bimodality in sSFR for the simulated galax-
ies (in agreement with TNG results shown and discussed in
Donnari et al. 2019) as a result of the black hole feedback
model at low accretion rates.
The observational data show a scattered, more gradual
decrease in sSFR as a function of MBH compared to TNG.
Namely, there is no indication in the observational data that
there is a sharp MBH threshold where galaxies mostly exhibit
very low sSFRs (' 10−12.5 yr−1). T17 measure significant,
intermediate sSFR values (∼ 10−11 − 10−12 yr−1) for many
galaxies with massive black holes & 108.2 M. Empirically,
the sSFR of the observational sample is a tighter and more
smoothly declining function of MBH/Mstar rather than MBH
alone, resulting in the scattered relationship between sSFR
and MBH.
We note that low SFRs in early-type galaxies are noto-
riously difficult to measure (e.g. Crocker et al. 2011). The
sSFRs from T17 are measured using far-infrared IRAS lu-
minosities in order to avoid contamination from possible
AGN. They also used ultraviolet luminosities from GALEX
to check the robustness of their values, finding consistent
results using different techniques. Additionally, recent work
indicates the existence of a population of galaxies with low
but significant levels of star formation (Oemler et al. 2016),
especially when measured in the infrared (Eales et al. 2017).
The morphologies and colours of galaxies at intermediate sS-
FRs in the T17 sample are also visually more disc-like and
bluer compared to the more spheroidal and redder galaxies
at lower sSFRs, providing further evidence for the robustness
of the measured difference between galaxies at intermediate
(' 10−11 − 10−12 yr−1) compared to low (' 10−12.5 yr−1)
sSFRs in the T17 sample.
In order to more clearly show the relationship between
sSFR and MBH/Mstar in the observational sample, we plot
sSFR as a function of MBH in four bins of Mstar in the bot-
tom panels of Figure 7. These plots show a gradual decrease
in sSFR as a function of MBH in each Mstar bin for the ob-
servational sample (see Terrazas et al. 2017 for a full quan-
titative discussion on this empirical relationship). TNG ad-
equately reproduces the MBH distribution of the quiescent
population in all but the lowest Mstar bin. However, TNG
and the observational data differ significantly for the star-
forming population, where TNG predicts much higher MBH
values compared to the observational data at each Mstar bin.
Additionally, TNG shows a much narrower distribution of
MBH values at each Mstar bin than in the observations due
to the tightness of their MBH-Mstar relation.
The top right plot shows the sSFR as a function of
Mstar. The strong bimodality in TNG galaxies as a re-
sult of black hole winds is evident, particularly between
Mstar = 10
10−11 M. Additionally, the most massive galax-
ies in TNG exhibit low yet significant amounts of sSFRs
moreso than galaxies at lower masses. We discussed this in
Section 4.4, where black hole wind energy was less effective
against a more massive potential well where the gas can be
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Figure 8. The MBH-Mstar relation at z = 0 for the LowThermEff
(light blue and red points) and HighThermEff (dark red and blue
points) model variations. The top and right panels show the qui-
escent fraction as a function of Mstar and MBH, respectively, for
the LowThermEff (gray) and HighThermEff (black) simulations.
The main difference between the two models is the normalization
of the MBH-Mstar relation since thermal mode feedback primar-
ily regulates MBH growth. Both simulations have the same MBH
threshold for quiescence (black arrow) yet the change in normal-
ization alters the quiescent fraction as a function of Mstar.
more readily retained due to the higher binding energies in
these galaxies.
The sSFR-Mstar parameter space also highlights the bi-
ases in the T17 sample. There is no star forming main se-
quence, as is seen in more representative samples of galaxies
in this parameter space (e.g., Chang et al. 2015). However,
this panel also shows how the sample spans a large range of
Mstar and sSFR.
6 IMPLICATIONS OF THE BLACK HOLE
FEEDBACK MODEL ON OBSERVATIONAL
DIAGNOSTICS
In this section, we explore how the distribution of galaxies on
the sSFR-Mstar-MBH parameter space is sensitive to changes
in the physics of quiescence using the TNG model variations.
6.1 The coevolution of MBH and Mstar
The strong correlation between MBH and Mstar paired with a
MBH threshold for quiescence produces a fairly narrow range
of Mstar where both quiescent and star-forming galaxies can
coexist with comparable numbers in TNG. The quiescent
fraction rises from 0.3 to 0.7 between Mstar = 10
10.25−10.55
M (in general agreement with TNG results discussed in
Donnari et al. 2019), giving a 0.3 dex range in Mstar. As a
consequence of these features, the distribution of star forma-
tion as a function of a galaxy’s Mstar is particularly sensitive
to the normalization of the MBH-Mstar relation.
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Figure 9. The Eddington ratio as a function of MBH for the
TNG100 population of galaxies (grayscale heatmap) along with
the Eddington ratio threshold that determines whether a black
hole is producing kinetic or thermal feedback energy (red solid
line) at z = 0. The median distributions of the LowMpiv, High-
Chi0, LowChi0, and HighMpiv model variations at z = 0 are also
plotted (blue lines). These models alter the threshold described
in Eqn. 1 (shown as blue dotted lines).
We show this in Figure 8 where we plot the MBH-Mstar
relations at z = 0 for the LowThermEff (light blue and red)
and HighThermEff (dark blue and red) model variations,
which show two simulations where thermal mode feedback is
less and more efficient, respectively. The blue and red colours
indicate whether galaxies are star-forming or quiescent, i.e.
above or below sSFR = 10−11 yr−1. The top and right panels
show the quiescent fraction as a function of Mstar and MBH
for the LowThermEff (gray) and HighThermEff (black) sim-
ulations.
In TNG, the thermal mode primarily regulates the
growth of the black hole (see Fig. 7 in Weinberger et al. 2018
and the discussion therein for a detailed description of MBH
growth in TNG during different accretion phases). A high
efficiency of thermal mode feedback more readily suppresses
a black hole’s growth since it transfers thermal energy to the
gas immediately surrounding it, reducing the amount of cold
gas that can accrete. As a result, while the MBH threshold
for quiescence does not change as a result of different ther-
mal mode efficiencies (see right hand panel of Figure 8), the
distribution of star formation amongst galaxies at different
Mstar (i.e., the quiescent fraction as a function of Mstar) does
change. The top panel of Figure 8 shows that the quiescent
fraction significantly increases at different Mstar values as a
result of the change in the normalization of the MBH-Mstar
relation. This indicates changes to the extent of the star
forming main sequence on a sSFR-Mstar plot.
We find, however, that the observational sample from
T17 exhibits a larger intrinsic scatter in the MBH-Mstar re-
lation that is not produced by TNG, as discussed in Sec-
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Figure 10. The MBH-Mstar relation for HighMpiv, LowChi0, HighChi0, and LowMpiv model variations at z = 0. The quiescent fraction
as a function of Mstar and MBH is shown on top and to the right of each plot, respectively. As the Eddington ratio threshold between
thermal and kinetic mode black hole feedback (χ) increases in units of the fiducial model’s value from left to right, the black hole mass
at which galaxies are able to become quiescent decreases.
tion 5.2. We confirm that lowering the seed MBH only in-
creases the scatter for low Mstar . 1010.2 M, above which
the scatter remains small. This discrepancy likely comes
from the particular circumstances in which black holes coe-
volve and grow with their host galaxies in TNG (Li et al. in
prep). The broad scatter in the observational sample’s MBH-
Mstar relation suggests that black holes can exhibit different
mass assembly histories in different galaxies. If MBH is truly
an indicator of quiescence, then the intrinsic scatter in how
galaxies can host black holes of different masses will largely
affect the observed relationship between sSFR and Mstar.
6.2 The MBH threshold for quiescence
The top middle panel of Figure 7 shows that for TNG galax-
ies with Mstar > 10
10 M there exists a MBH threshold
for quiescence at ∼ 108.2 M where below this mass most
(>90%) of these galaxies are star-forming and above this
mass most (>90%) are quiescent. The majority of these qui-
escent central galaxies (73%) have very low sSFRs shown as
upper limits at ∼ 10−12.5 yr−1, demonstrating that black
hole kinetic winds are extremely effective at preventing star
formation in most galaxies undergoing this form of black
hole feedback in TNG. In this section, we show that the
MBH threshold at ∼ 108.2 M is sensitive to the parameter
choices that constitute the TNG fiducial model.
The four model variations that illustrate this point are
the HighMpiv, LowMpiv, HighChi0, LowChi0 models (see
Table 1). In Section 2.1, we describe how TNG uses a MBH-
dependent Eddington ratio threshold (Eqn. 1) for determin-
ing whether a black hole is releasing thermal or kinetic mode
feedback energy. Each of the four model variations we ana-
lyze in this section changes the Eddington-ratio threshold,
χ, by a certain factor, η:
χ = min
[
ηχfid, χmax
]
, (3)
where χfid is the fiducial MBH-dependent Eddington ratio
threshold (see Eqn. 1), χmax = 0.1 as described in Sec-
tion 2.1, and η = 1
16
, 1
4
, 4, 16 for the HighMpiv, LowChi0,
HighChi0, and LowMpiv model variations, respectively.
These variations change the normalization of the threshold.
In Figure 9 we show the Eddington ratio as a function of
MBH for these four model variations (median distributions
shown as solid blue lines), explicitly showing the changes to
the Eddington ratio threshold between thermal and kinetic
mode feedback (shown as dotted blue lines). The variation in
the Eddington ratio threshold changes how galaxies populate
this parameter space.
The changes to the normalization of the Eddington ra-
tio threshold change the MBH at which black hole kinetic
wind energy can begin to accumulate. Since kinetic winds
from black holes are necessary to produce quiescence in TNG
(see Section 3), changes in the normalization of χ result in
changes to the MBH threshold for quiescence since χ is MBH-
dependent.
This behavior is shown in Figure 10, where the MBH-
Mstar relation is shown for each model variation at z = 0.
From left to right, the MBH threshold at which galaxies be-
come mostly quiescent moves down as the normalization of
χ increases. The quiescent fraction as a function of Mstar and
MBH are shown on the top and right panels of each plot, re-
spectively. As the MBH threshold for quiescence decreases,
the Mstar at which galaxies begin exhibiting quiescence also
decreases, until χ = 16χfid (rightmost panel) where most
of the population above Mstar = 10
10 M is quiescent and
above this threshold.
We also note that the number of galaxies at high MBH
and Mstar decreases as χ increases from left to right in Fig-
ure 10. This is because increasing the χ value makes it easier
for black holes to satisfy the conditions necessary for kinetic
mode feedback to be turned on. Namely, black holes do not
need to be as massive or accrete as inefficiently as would be
necessary with a lower χ value. This increases the amount
of time that galaxies spend in the kinetic mode since lower
mass systems can become quiescent earlier. We have shown
in Section 3 that kinetic winds are necessary to produce
quiescence and therefore largely stop the growth of galax-
ies via in situ star formation. Concurrently, kinetic winds
also largely halt the growth of the black hole as can be seen
in Figure 9, where the Eddington ratio decreases dramati-
cally once galaxies enter the kinetic mode (Weinberger et al.
2018; Habouzit et al. 2019). Therefore, massive black holes
and massive galaxies become rarer in the model variations
with larger χ values due to the inefficient growth of MBH
and Mstar for these galaxies.
We note that the MBH threshold for quiescence at
∼ 108.2 M emerges from the ensemble of parameter choices
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that produce a realistic z = 0 galaxy population. TNG
model parameters were calibrated in order approximately re-
turn the shape and amplitudes of certain observables mostly
related to the stellar mass content of z = 0 galaxies (see
Pillepich et al. 2018a). While the model variations shown in
Figure 10 produce unrealistic galaxy populations that would
violate the observational constrains described in Pillepich
et al. (2018a), they demonstrate the sensitivity of galaxy
properties to changes in the MBH threshold.
While different TNG model variations exhibit different
behaviors in the sSFR-MBH-Mstar parameter space, we note
that the binding energy correlation described in Section 4.3
continues to hold. Namely, for all model variations, the accu-
mulated energy from black hole-driven kinetic winds must
exceed the binding energy of gas within the galaxy in or-
der for quiescence to be produced in each model (See Ap-
pendix A). Differences in the model variations occur when
the galaxy properties required to meet this condition are
changed. This occurs, for example, by allowing lower mass
black holes to accumulate kinetic feedback energy (as in this
section), or by changing the way black holes occupy galaxies
of different Mstar (as in Section 6.1).
7 DISCUSSION
This work aims to illuminate how the effects of black hole
feedback on gas within and around galaxies can alter the ob-
servable properties of sSFR, MBH, and Mstar in the context
of a physical model of galaxy formation. We have used the Il-
lustrisTNG simulation suite and its model variations to char-
acterize and assess the black hole model and the resulting
physics of quiescence for central galaxies with Mstar > 10
10
M. In this section, we discuss how our results may aid
in understanding the link between black hole feedback and
quiescence in the real Universe, and how other approaches
to modeling this feedback in current and future simulations
may benefit from the type of analysis we do in this work.
7.1 Assessing models using the sSFR-MBH-Mstar
parameter space
We turn our attention first to the sharp transition from a
mostly star-forming to a mostly quiescent galaxy population
above a particular MBH threshold at ∼ 108.2 M in TNG.
We compare this to a sample of 91 galaxies with dynamical
MBH measurements from T17. We note that this sample is
not representative of the entire galaxy population due to the
biases associated with various dynamical MBH measurement
techniques.
The current data available, however, do not indicate the
existence of a particular MBH threshold for quiescence as is
seen in TNG (see the middle panel of Figure 7). Instead,
these data show that the sSFR is a smoothly decreasing
function of the MBH/Mstar ratio of these galaxies (for a full
discussion see Terrazas et al. 2017). This empirical relation-
ship provides a constraint for models that use black hole
feedback in order to produce quiescence. Future work using
more representative samples of dynamical MBH measure-
ments with an understanding of their selection biases will
be important for more precisely quantifying the observed
correlations between sSFR, Mstar, and MBH found in T17.
Another point of discussion centres on the fact that
TNG produces a MBH-Mstar relation with significantly less
intrinsic scatter compared to the observational data from
T17 (See the left panel of Figure 7). Earlier studies of black
hole demographics were heavily biased towards the most
massive black holes and mostly took into account those
within quiescent, early-type galaxies and a few bulge compo-
nents of late-type galaxies (Magorrian et al. 1998; Ferrarese
& Merritt 2000; Gebhardt et al. 2000). The tight correla-
tion between black holes and the galaxy properties of their
early-type components led to the use of samples like these
(e.g., Figure 2 of McConnell & Ma 2013, showing the MBH-
Mbulge relation for early-type galaxies) to assess a model’s
black hole demographics for the entirety of the galaxy pop-
ulation, early-types or otherwise. The small scatter seen in
TNG’s MBH-Mstar relation is a common feature in other
galaxy formation models for similar reasons (e.g., Section
3.3 of Volonteri et al. 2016).
While recent studies of black hole demographics using
MBH measurements are still biased due to the specifics of
each detection method, they incorporate a more diverse set
of galaxies and show a significantly more pronounced in-
trinsic scatter in the relationship between MBH and Mstar
(Reines & Volonteri 2015; Savorgnan et al. 2015; Terrazas
et al. 2016, 2017; Davis et al. 2018; Sahu et al. 2019). Namely,
they show that late-type, star-forming galaxies lie below
the canonical MBH-Mstar relations for early-type, quiescent
galaxies, increasing the scatter in the relation for the whole
population (see also Li et al. in prep). Models need to take
both the large scatter and its correlation with star formation
properties into account when assessing whether their black
hole demographics adequately represent the whole galaxy
population.
The coevolution of Mstar and MBH is difficult to con-
strain, especially since the processes governing the growth
of these two properties function at spatial and temporal
scales that differ by several orders of magnitude. Observa-
tions show that MBH accretion rates differ for galaxies of
different masses and star formation properties (Aird et al.
2012, 2017, 2018). Additionally, studies have shown that dif-
ferent black hole seeding mechanisms can affect the evolu-
tion of both the black hole and its host galaxy (Wang et al.
2019). These factors are likely important for determining the
intrinsic scatter between Mstar and MBH.
Uncertainties on how to model accretion onto a black
hole and how this relates to large-scale gas accretion onto
its host galaxy also exacerbates the issue of linking Mstar
and MBH in simulations. Many studies argue that Bondi-
Hoyle accretion (Hoyle & Lyttleton 1939; Bondi & Hoyle
1944) is an oversimplification, assuming the gas immedi-
ately surrounding the black hole has zero angular momen-
tum. This assumption fails to take into account the fact that
non-spherical accretion is an important factor for growing
black holes (e.g., Hopkins & Quataert 2011). While Bondi-
Hoyle accretion is an attractive model due to its simplicity,
it may prove to be an important limitation when attempt-
ing to reproduce large-scale galaxy properties. Other mod-
els for black hole growth, such as the gravitational torque
model (Hopkins & Quataert 2011; Angle´s-Alca´zar et al.
2015, 2017a,b), will provide different avenues for explor-
ing possible black hole-galaxy coevolutionary scenarios once
MNRAS 000, 1–19 (2019)
Black hole mass and galaxy properties in TNG 15
they are fully incorporated into a large-scale cosmological
model of galaxy formation that includes black hole feedback.
Black hole feedback itself can also affect the growth of
black holes in galaxies. In Section 6.1, we show that the
thermal mode feedback implemented at high accretion rates
in TNG regulates MBH growth and plays a role in setting
the normalization of the MBH-Mstar relation. Figure 9 also
shows that the Eddington ratio drops to low values once
the distribution of galaxies on this plot crosses the thresh-
old where kinetic mode feedback takes effect (Weinberger
et al. 2018). Habouzit et al. (2019) explore the black hole
population and the the properties of AGN in TNG, show-
ing that their kinetic wind feedback implementation may
be too effective at suppressing MBH growth compared to
observational constraints. Additionally, TNG assumes con-
stant coupling (εf,high, εf,kinetic) and radiative (εr) efficien-
cies for black hole feedback (see Section 2.1 and Weinberger
et al. 2018). The values for these efficiencies likely vary across
the galaxy population and would increase the scatter in the
MBH-Mstar relation (Bustamante & Springel 2019).
Stellar feedback can also slow MBH growth by reducing
the amount of cold gas present near the black hole, partic-
ularly in shallow potential wells during the early growth of
the black hole (Habouzit et al. 2017; McAlpine et al. 2017;
Pillepich et al. 2018a). At the galaxy mass scales relevant
to this work with Mstar > 10
10 M, stellar feedback is also
expected to play an important role in setting the mass scale
above which quiescent galaxies begin to dominate the galaxy
population. Bower et al. (2017) and Henriques et al. (2019)
both demonstrate this by showing that black hole activity
can be triggered once stellar feedback becomes ineffective at
preventing cooling from the gaseous halo to the galaxy in
progressively more massive systems.
The prescriptions for black hole accretion, the imple-
mentation of stellar and black hole feedback, and the com-
plex interactions between feedback’s effect on the availability
of gas for MBH and Mstar growth all contribute to the char-
acteristics of simulated MBH-Mstar relations. In this work,
we show that if MBH is causally related to quiescence, then
the shape, normalization, and scatter of the MBH-Mstar re-
lation will determine the Mstar distributions of star-forming
and quiescent galaxies (e.g., in TNG compared to Illustris,
Donnari et al. 2019, Li et al. in prep). This is a fundamental
observational diagnostic for models. As such, it is essential
that the the observed scatter in the MBH-Mstar relation and
its correlation with its host galaxy’s sSFR are reproduced
for any model where MBH correlates with quiescence. This
will largely determine the stellar mass distribution of the
star forming main sequence and the galaxies that lie off of
it, as we describe in Section 6.
7.2 Characterizing the impact of black hole
kinetic winds in TNG
In Section 4.3, we show that quiescent galaxies have black
hole wind energies that exceed the binding energy of the gas
in the galaxy. This supports a framework where black hole
kinetic winds gravitationally unbind gas from the galaxy
above a MBH threshold of ∼ 108.2 M.
Following our analysis in Section 4.3 and visually in-
dicated by Figure 3, black hole winds push dense gas out
of galaxies in TNG, effectively producing quiescence. How-
ever, high density, cooler gas is more difficult to gravitation-
ally unbind or heat with feedback energy than gas that is
more diffuse. Other studies confirm that energy from these
winds in TNG galaxies affects not only the cold gas but
also the more diffuse gas that preferentially resides at high
scale heights above the galaxy and within the circumgalactic
medium (Nelson et al. 2018b; Kauffmann et al. 2019, Zinger
et al. in prep).
This likely explains the behavior seen in the bottom
panel of Figure 5, where galaxies just above the MBH thresh-
old for quiescence exhibit an abrupt decrease in halo gas
mass. More massive black holes that live in more massive
haloes are able to retain a larger fraction of their gas since
it is increasingly difficult to push gas out of a deeper poten-
tial well. Davies et al. (2019) and Oppenheimer et al. (2019)
independently found similar behavior in the EAGLE simu-
lation, where the gas fraction decreases when the ratio of
black hole feedback energy and halo binding energy is high.
Figures 4 and 8 in Pillepich et al. (2018a) and Fig-
ure 11 in Weinberger et al. (2017) show rough agreement
with observational constraints of halo gas masses around
galaxies with dark matter halo masses > 1013 M, show-
ing an improvement compared to the original Illustris model
where halo gas masses were severely underestimated. How-
ever, while there is evidence to suggest that halo gas masses
must be suppressed by feedback in order to agree with clus-
ter mass estimates (e.g., Choi et al. 2015, 2017; Barnes et al.
2017), the evacuation of & 80% of halo gas for a large pop-
ulation of intermediate mass galaxies undergoing black hole
feedback should be corroborated before the agreement be-
tween TNG and observations is taken at face value. Upcom-
ing work will compare the the observational X-ray signatures
of the gaseous atmospheres in TNG haloes with observa-
tional data (Pop et al. in prep, Truong et al. in prep).
Within the framework of ejective and preventative
feedback, TNG’s kinetic wind model produces quiescence
through both mechanisms. The idea that TNG produces qui-
escence through sustained ejective feedback is supported by
our analysis in Section 4.1 where we find that quiescence in
TNG cannot be easily described using the logic of balanc-
ing heating and cooling rates employed by purely preventa-
tive semi-analytic models. However, Figure 5 shows that the
cooling time in galaxies exhibiting black hole winds is signif-
icantly greater than in the model variation where no black
hole winds are present. Weinberger et al. (2017) demonstrate
that these winds are able to thermalize at large distances
from the black hole, indicating that the kinetic mode black
hole feedback mechanism employed in TNG is partly pre-
ventative, resulting in the increase of the gas halo’s aver-
age cooling time. This is further supported by results from
Nelson et al. (2019) who show the thermal properties of gas
around a massive galaxy in TNG50 undergoing kinetic black
hole feedback (see their Figure 2 and Zinger et al. in prep).
Additionally, the ejective nature of TNG’s black hole kinetic
winds likely aids the process that leads to quiescence since
it reduces the mass of the reservoir from which star-forming
gas is accreted onto the galaxy.
7.3 Black hole feedback prescriptions in models
Another key issue for large-volume simulations is the need
to implement subgrid physics that models the small-scale
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phenomena important for galaxy evolution. One crucial ap-
proximation is how energy from feedback is transferred to
the surrounding gas. Feedback from both stars and black
holes has been modeled using a variety of different subgrid
physics. The details of these subgrid physics will inevitably
affect observable galaxy properties and the transfer of feed-
back energy to the gas within and around galaxies.
In the case of TNG, we have described a two-mode
black hole feedback model separating the forms of energy
injection at high- and low-accretion rates, corresponding to
radiatively efficient and inefficient accretion. High- and low-
accretion phases have been modeled in TNG as an injec-
tion of pure thermal energy or pure kinetic energy, respec-
tively. The low-accretion phase injection of kinetic winds
in TNG was motivated by recent observational evidence
of strong outflows in galaxies hosting inefficiently accret-
ing black holes (Cheung et al. 2016; Wylezalek et al. 2017;
Penny et al. 2018). Theoretically, this implementation was
also motivated by the wind launching mechanism from inef-
ficient accretion onto black holes put forth by studies such
as Blandford & Begelman (1999).
In this work, we show that thermal mode black hole
feedback in TNG regulates MBH growth (Section 6.1)
whereas kinetic mode feedback suppresses MBH and, most
notably for this work, Mstar growth (Sections 3 and 4). The
abrupt change in galaxy and halo gas properties at the par-
ticular MBH threshold we describe in this work (e.g., Fig-
ure 5) indicates an abrupt change in physical processes af-
fecting galaxies that are undergoing kinetic mode as opposed
to thermal mode feedback. Similar two-mode black hole feed-
back models have been implemented in a number of other
large-volume simulations (e.g. Croton et al. 2006; Somerville
et al. 2008; Vogelsberger et al. 2014a; Henriques et al. 2015;
Dubois et al. 2016).
However, this dichotomy between feedback modes is
likely an oversimplification of the physics that occurs in the
real Universe. As discussed in Section 1, there is an abun-
dance of observational evidence for supermassive black hole
activity in galaxies. However, the interpretation of this ev-
idence for constructing a generalizable black hole feedback
model for all forms of accretion is not straightforward. For
example, radio jets and lobes, generally attributed to low
accretion rate feedback, have also been seen in galaxies that
are producing large-scale outflows from supposedly high ac-
cretion rates (e.g., Komossa et al. 2006; Berton et al. 2018).
While TNG produces winds through low rates of ac-
cretion, some higher resolution zoom-in simulations that ex-
plicitly include kinetic feedback from high rates of accretion
have shown that this process can also effectively eject cold
gas from galaxies, depress the central density of the circum-
galactic medium, and reduce star formation in galaxies over
long timescales (e.g., Choi et al. 2012, 2015, 2017, 2018).
This is supported by observational evidence of outflows in
AGN and quasars (e.g., Heckman et al. 1981; Villar-Mart´ın
et al. 2011; Cicone et al. 2014). These types of zoom-in stud-
ies take advantage of their smaller volumes in order to in-
corporate multiple avenues of feedback energy transfer from
black holes (e.g., kinetic, thermal, and/or radiative) simulta-
neously that may more comprehensively model the complex
interactions between black holes and the ambient medium
(e.g., Bourne & Sijacki 2017; Mukherjee et al. 2018; Brennan
et al. 2018).
As such, a consensus on how black hole feedback should
be implemented in cosmological simulations within the lim-
itations of finite resolution has not yet been reached. These
complications need to be considered when assessing mod-
els that simplify black hole feedback physics into low- and
high-accretion rate modes. This dichotomy is likely missing
important physical recipes that may shape the way galaxies
grow in simulations.
8 CONCLUSIONS
We explore the effects of black hole feedback on the prop-
erties of central galaxies with Mstar > 10
10 M in the con-
text of the IllustrisTNG simulation suite. In particular, we
use TNG100 and ten model variations to assess how ob-
servable correlations between the sSFR, Mstar, and MBH of
these galaxies are sensitive to changes in the physics model.
We also connect these correlations to the effects of black
hole feedback on the distribution of gas within and around
galaxies. Finally, we compare results from TNG with ob-
servational data of galaxies with dynamical MBH measure-
ments. We highlight our main results below:
• TNG requires low accretion rate black hole feedback in
the form of kinetic winds in order to produce a quiescent
galaxy population (Section 3, Figure 1, and also shown in
Weinberger et al. 2017).
• A decline in the sSFR of simulated galaxies is seen
when the accumulated black hole wind energies exceed the
gravitational binding energies of the gas within galaxies,∫
E˙kineticdt > Ebind,gal (top panel of Figure 2). This behav-
ior is seen for all model variations we examine in this work
(See Appendix A). This provides strong evidence that black
hole-driven kinetic winds push cold gas out of the galaxy to
produce quiescence in TNG (Section 4.3, Figure 3).
• Simulated galaxies with black hole wind energies that
fall below the binding energy of gas within the galaxy have
black hole masses below a MBH threshold of ∼ 108.2 M.
Those that have wind energies exceeding the binding en-
ergies host black holes above this MBH threshold (bottom
panel of Figure 2). This produces a sharp decrease in the
amounts of interstellar and circumgalactic gas at this MBH
threshold (Section 4.4, Figure 5).
• Below the MBH threshold at ∼ 108.2 M, most (>90%)
simulated central galaxies with Mstar > 10
10 M are star-
forming and above this mass most (>90%) are quiescent.
73% of the quiescent population have very low sSFRs (with
upper limits at 10−12.5 yr−1), indicating that black hole
winds are extremely effective at suppressing star formation
once low-accretion rate feedback takes effect in TNG (also
see Weinberger et al. 2018).
• We compare TNG to observational data of 91 central
galaxies with dynamical MBH measurements from Terrazas
et al. (2016, 2017), with the caveat that these data are
not representative of the entire galaxy population. We find
that TNG qualitatively reproduces the result that quiescent
galaxies host more massive black holes than star-forming
galaxies. However, the MBH-Mstar relation for TNG pro-
duces a much smaller scatter compared to what is seen in
the observational data (Section 5.2, top left panel of Fig-
ure 7). Additionally, these observational data, while incom-
plete, show a smoother decline in sSFR as a function of MBH,
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showing no indication of an abrupt suppression of sSFR at a
particular MBH threshold (Section 5.2, top middle and bot-
tom panels of Figure 7).
• The distribution of star-forming and quiescent galax-
ies across Mstar parameter space in TNG is sensitive to both
the normalization of the MBH-Mstar relation and the MBH at
which black holes produce kinetic winds. We show that the
normalization of the MBH-Mstar relation depends on the effi-
ciency of thermal mode feedback on regulating MBH growth.
These results demonstrate that the relationship between
MBH, Mstar, and sSFR is a powerful tool for exploring the
physics of quiescence within the context of black hole feed-
back. We show that if the MBH and sSFR of galaxies are
causally linked, as is the case in TNG, then the way MBH
pairs with galaxies of different Mstar will determine the star
formation properties of the entire central galaxy population.
We find important differences between the results from TNG
and the observational data for galaxies with dynamical MBH
measurements from Terrazas et al. (2016, 2017). These dif-
ferences illuminate the importance of taking into account
the scattered relationship between MBH and Mstar and its
dependence on sSFR found in current samples of galaxies
with dynamical MBH measurements.
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APPENDIX A: THE PHYSICS OF
QUIESCENCE IN THE MODEL VARIATIONS
Here we append further evidence in support of our phe-
nomenological framework presented in Section 4.3. This
framework describes a physically-motivated picture of quies-
cence in TNG, where a majority of galaxies shut off their star
formation once black hole-driven winds accumulate enough
energy to push gas out of their host galaxy. This framework
comes from the fact that the sSFR of a galaxy declines once
the cumulative energy from black hole-driven winds becomes
larger than the binding energy of gas in the galaxy.
The model variations listed in Table 1 alter the param-
eters of the black hole physics model in TNG, producing
significantly different galaxy populations. This is described
in Section 6 and shown in Figures 9, 8, and 10. Even so, the
evidence for our phenomenological framework holds true for
every model variation we assess in this work. In Figure A1,
we show the sSFR as a function of the ratio between accu-
mulated black hole wind energy and the binding energy of
gas in the galaxy (the same parameter space as the top panel
of Figure 4). Each panel shows the distribution of TNG100
galaxies as a grayscale heatmap, while the individual galax-
ies in each model variation are shown as red crosses. The
fiducial TNG model is shown in the large panel on the left,
whereas the eight model variations that include black hole-
driven kinetic winds are to the right.
Despite the differences in galaxy population statistics in
each model variation, we find that galaxies in all of the sim-
ulations reproduce the same relation on these plots as the
fiducial model runs. The only differences are where galaxies
lie along the distribution compared to one another. For ex-
ample, in Section 6.2 and Figure 10 we show that most of the
galaxies in the HighMpiv model variation are star-forming
since the criteria for producing kinetic winds is only satisfied
by the most massive black holes and therefore the most mas-
sive galaxies. For the LowMpiv model variation, the criteria
for producing kinetic winds is satisfied by all galaxies with
Mstar > 10
10 M. In Figure A1, the distribution of galaxies
in these two model variations reflect this behavior since in
the LowMpiv model all black holes produce enough accu-
mulated energy to overcome the binding energy of the gas
within the galaxy. Namely, all galaxies in this simulation lie
to the right of the vertical dotted line where these two en-
ergies equal. The HighMpiv model shows galaxies that have
not yet produced enough black hole wind energy to do this
and as such also populate the star-forming region of this plot
to the left of the vertical dotted line.
The NoBHs and NoBHwinds simulations do not have a
value for
∫
E˙kineticdt. However, we have shown in Figure 1
that they do not produce a population of quiescent galaxies,
further supporting our phenomenological framework.
APPENDIX B: RESOLUTION EFFECTS IN
TNG300 COMPARED WITH TNG100
In this work, we exclusively use results from TNG100 in or-
der to directly compare with the model variations that have
roughly the same resolution. Here we describe resolution ef-
fects present in TNG300 that further motivate the exclusive
use of TNG100 for the purposes of our study.
TNG300 is one of the flagship simulations of the Il-
lustrisTNG project with a 302.63 comoving Mpc3 volume.
TNG300 has 2 × 25003 initial resolution elements with a
baryonic mass resolution of 1.1× 107 M and gravitational
softening length of 1.48 kpc at z = 0. This represents approx-
imately an order of magnitude decrease in mass resolution
and an increase in the gravitational softening length by a
factor of 2 compared to TNG100.
In order to differentiate between the effects of a
smaller/larger box size in comparison to higher/lower reso-
lution, we use four TNG runs: two with the same resolution
as the fiducial TNG100 but different box volumes (TNG100-
1 sized at 110.73 Mpc3 and FiducialModel sized at 36.93
Mpc3) and two with the same resolution as TNG300 but
different box volumes (TNG300-1 sized at 302.63 Mpc3 and
TNG100-2 sized at 110.73 Mpc3). In Figures B1 and B2 the
black and red lines indicate the simulations with higher and
lower resolution, respectively. Larger and smaller box sizes
are indicated with solid and dashed lines, respectively.
In Section 4, we describe how quiescence occurs above a
particular MBH threshold for TNG galaxies. Figure B1 shows
the fraction of quiescent galaxies as a function of MBH for
these four simulations. Regardless of box size, those simu-
lations with lower resolution produce up to 20% more qui-
escent galaxies at MBH . 108.2 and & 109 M. This indi-
cates that the feedback present in the lower resolution runs is
more effective at suppressing star formation and producing
quiescence despite the fact that they have the same subgrid
prescriptions. Additionally, star formation itself may also be
less efficient at lower resolution.
Our analysis in Section 5.2 indicates that the scatter
in the MBH-Mstar relation is much smaller than the scatter
seen in the observations. To determine whether the scat-
ter would increase for a larger box simulation, we show the
median MBH-Mstar relations and their 10 and 90 percentile
distributions around their medians for the four simulations
we discuss in this section. We convolve these Mstar and MBH
values with observational errors just as we do in Section 5.
Regardless of box size, those simulations with lower res-
olution produce a slightly larger scatter than the higher reso-
lution simulations at Mstar . 1010.4 M, indicating that this
increase in scatter is a resolution effect. Above this mass, the
scatter is similarly small for all simulations. We also show
the observational data for 91 galaxies with dynamical MBH
measurements to show that in all these models, the scatter
does not easily reproduce the broad distribution of galaxies
in the Terrazas et al. (2017) sample.
This paper has been typeset from a TEX/LATEX file prepared by
the author.
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Figure A1. The sSFR as a function of the ratio between the cumulative energy from black hole-driven kinetic winds and the binding
energy of gas in the galaxy for all model variations listed in Table 1 (red crosses). The gray heatmaps are the same in each panel and
show the distribution of galaxies in TNG100. All models reproduce the same relation as the fiducial model on this plot.
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Figure B1. The fraction of quiescent galaxies as a function
of MBH in TNG100-1 (black, solid line), FiducialModel (black,
dashed line), TNG300-1 (red, solid line), and TNG100-2 (red,
dashed line). The black lines represent simulations run at higher
resolution than those represented by the red lines. The dashed
lines represent smaller volume simulations than those represented
by the solid lines. Lower resolution TNG runs produce up to 20%
more quiescent galaxies at MBH . 108.2 and & 109 M.
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Figure B2. The median MBH-Mstar relation for TNG100-1
(black, solid line), FiducialModel (black, dashed line), TNG300-1
(red, solid line), and TNG100-2 (red, dashed line). The 10 and
90 percentiles below and above the median are shown as translu-
cent regions matching the colour of their median lines. Similar to
Figure B1, black and gray colours represent simulations run at
higher resolution than those represented by red and the dashed
lines represent smaller volume simulations than those represented
by the solid lines. Lower resolution TNG runs produce a slightly
more scattered relation at Mstar . 1010.4 M. Above this mass,
the scatter is consistent between simulations. The observational
sample of galaxies with dynamical MBH measurements are shown
as gray circles and its Mstar error bar is shown in the lower right
corner.
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